Background: A plasma glucose value ≥155 mg/dl for 1-hour post-load plasma glucose during an oral glucose tolerance test (OGTT) is able to identify subjects with normal glucose tolerance (NGT) at high-risk for type-2 diabetes and with subclinical organ damage. We designed this study to address if 25-hydroxyvitamin D [25(OH)D] circulating levels are associated with glucose tolerance status, and in particular with 1-hour post-load plasma glucose levels. Methods: We enrolled 300 consecutive Caucasian hypertensive never-treated outpatients (160 men and 140 women, aged 52.9 ± 9.2 years). Subjects underwent OGTT and measurements of 25(OH)D and standard laboratory tests. Estimated glomerular filtration rate (e-GFR) was calculated by CKD-EPI formula and insulin sensitivity was assessed by Matsuda-index.
Background
Vitamin D is an important micronutrient involved in calcium homeostasis, musculoskeletal health and in the pathophysiology of different organ systems. In fact, vitamin D receptors have an extensive tissue distribution including skeletal muscle, vascular smooth cells, cardiomyocytes, endothelium and pancreatic β-cells [1, 2] . Recently, some experimental and clinical data showed a strong association between hypovitaminosis D and different clinical conditions, suggesting the hypothesis that vitamin D deficiency plays a crucial role in the pathogenesis of both metabolic and cardiovascular diseases [3] [4] [5] [6] .
Growing evidences, but not all, indicate that suboptimal vitamin D status plays a role in the development of impaired glucose homeostasis, insulin resistance and type-2 diabetes [7] [8] [9] [10] [11] [12] [13] [14] because it causes impairment in insulin receptor expression and insulin secretion in animal models and humans [15, 16] . In particular, in a large sample from the Ely study, baseline 25-hydroxyvitamin D [25(OH)D] levels were inversely associated with 10-year risk of hyperglycemia, insulin-resistance and metabolic syndrome [7] . Moreover, higher plasma 25(OH)D concentrations are associated with lower risk of incident type-2 diabetes in women, in a case-control retrospective analysis conducted in a large sample of the Nurses' Health Study [8] . On the contrary, there are data demonstrating no association between vitamin D levels and glucose tolerance status in the general population [17] and in the obese subjects [18] .
Recently, a cut-off point of 155 mg/dL for 1-h post-load plasma glucose value during the oral glucose tolerance test (OGTT) was able to identify subjects with normal glucose tolerance (NGT) but at high risk of type-2 diabetes [19] . In addition, in hypertensive patients, the 1-h post-load plasma glucose value was strongly associated with different subclinical organ damage [20] [21] [22] [23] [24] thus increasing risk for future cardiovascular events [25] [26] [27] .
However, at this moment it is unknown whether vitamin D levels are able to affect 1-h post-load plasma glucose in hypertensive NGT subjects. Thus, we designed this study to evaluate, in a group of newly diagnosed hypertensive subjects, the possible relationship between 25(OH)D levels and post-load plasma glucose.
Methods

Study population
To conduct a cross-sectional analysis, we enrolled, during the spring, 300 consecutive hypertensive never-treated outpatients who were free of complications (160 men and 140 women, aged 52.9 ± 9.2 years, age range 36-58 years) and participating in the Catanzaro Metabolic Risk Factors Study (CATAMERIS). All subjects were Caucasian and underwent physical examination and review of their medical history with regard to family history of diabetes. Secondary forms of hypertension were excluded by systematic testing by a standard clinical protocol, including renal U.S. studies, computed tomography, renal scan, catecholamine, plasma renin activity, and aldosterone measurements. Other exclusion criteria were history or clinical evidence of coronary and/or valvular heart disease, congestive heart failure, hyperlipidaemia, peripheral vascular disease, chronic gastrointestinal diseases associated with malabsorption, or chronic pancreatitis; history of malignant disease, alcohol or drug abuse, or liver or kidney failure; and any treatments interfering with glucose or vitamin D metabolism.
All subjects underwent evaluation for weight, height, and body mass index (BMI). After 12-h fasting, a 75-g OGTT was performed with 0, 30, 60, 90, and 120-min sampling for plasma glucose and insulin. Briefly, the test was performed using a glucose load containing the equivalent of 75 g anhydrous glucose dissolved in water. Glucose tolerance status was defined on the basis of OGTT using the World Health Organization criteria. In particular, T2D was defined by a 2-h plasma glucose ≥ 200 mg/dL (11.1 mmol/L), whereas patients with a 2-h plasma glucose between 140 mg/dL (7.8 mmol/L) to 199 mg/dL (11.0 mmol/L) were considered IGT [28] . Insulin sensitivity was evaluated using the Matsuda index (insulin sensitivity index [ISI]), calculated as 10,000/square root of [fasting glucose (mmol/L) × fasting insulin (mU/L)] × [mean glucose × mean insulin during OGTT]. The Matsuda index is strongly related to the euglycemic hyperinsulinemic clamp, which represents the gold standard test for measuring insulin sensitivity [29] .
The ethical committee approved the protocol, and informed written consent was obtained from all participants. All the investigations were performed in accordance with the principles of the Declaration of Helsinki.
Blood pressure measurements
Readings of clinic blood pressure (BP) were measured at 3-minute intervals using a standard sphygmomanometer, and BP values were the average of 3 measurements after a 10-minute period of rest in the supine position. This evaluation was repeated on three separate occasions at least 2 weeks apart. Patients with a clinic systolic BP (SBP) >140 mmHg and/or diastolic BP (DBP) >90 mmHg were defined as hypertensive.
Laboratory determinations
All laboratory measurements were performed after a fast of at least 12 h. Plasma glucose was determined immediately by the glucose oxidase method (Glucose Analyzer, Beckman Coulter S.p.A.,Milan, Italy). Triglyceride and total, low-density lipoprotein (LDL), and high-density lipoprotein (HDL) cholesterol concentrations were measured by enzymatic methods (Roche Diagnostics GmbH, Mannheim, Germany). Plasma concentrations of insulin and intact parathyroid hormone were determined by chemiluminescence test (Roche Diagnostics). Serum creatinine was measured in the routine laboratory by an automated technique based on the measurement of Jaffe chromogenic assay. C-reactive protein (CRP) was measured by a high-sensitivity turbidimetric immunoassay (Behring, Marburg, Germany). Values of estimated glomerular filtration rate (e-GFR; mL/min/1.73 m 2 ) were calculated by using the new equation proposed by investigators in the Chronic Kidney Disease Epidemiology (CKD-EPI) Collaboration [30] .
Plasma levels of 25(OH)D were measured by competitive immunoassay with chemiluminescence (CLIA) through the Liaison-Diasorin test, in all patients. Venous samples for the determination of 25(OH)D have been carried out in the morning, on fasting condition. A sample of 2.5 ml of venous blood was collected, and subsequently introduced into disposable test tube equipped with separation accelerator granules. The blood sample was centrifuged for 5 minutes at 2500 rpm in a special centrifuge, 500 μl of the obtained serum were collected and placed in special cuvettes. During the first incubation, the 25(OH)D was dissociated from its binding protein and it was tied to the specific antibody. After 10 minutes, a tracer consisting of isoluminol was added and incubated for another 10 minutes, subsequently the unbound material was removed with a wash cycle. In the last step, the reagents for the chemiluminescence reaction were added. Finally, the signal was measured by a photomultiplier as relative light units (RLU) and it was inversely correlated with the 25 (OH)D concentration in each sample. Vitamin D status was classified as follows: deficient (<20 ng/ml), insufficient (20 to <30 ng/ml) and normal (≥30 ng/ml).
Statistical analysis
Normally distributed data were summarized as mean ± SD, while not normally distributed data as median and interquartile range. Variables having a positively skewed distribution were log transformed (lg10) before the correlational analysis. Considering normally distributed data, ANOVA for clinical and biologic data was performed to test the differences among groups, and the Bonferroni post-hoc test for multiple comparisons was further performed as requested. In addition, Kruskal Wallis test was used to compare the medians among the different groups for not normally distributed data. The χ 2 test was used for categorical variables. The Pearson method was used to calculate the relationship between 1-h post-load glucose and the following covariates: age, BMI, blood pressure, total and HDL-cholesterol, triglyceride, Matsuda index, high-sensitivity CRP (hs-CRP), e-GFR and 25(OH)D. Variables reaching statistical significance, gender and smoking, as dichotomous values, were inserted in a stepwise multivariate linear regression model to determine the independent predictors of 1-h post-load plasma glucose. The analysis was performed for whole study population and according to different groups of glucose tolerance. Differences were assumed to be significant at P < 0.05. All comparisons were performed using SPSS 20.0 statistical software (SPSS, Inc., Chicago, IL). Calcium, mg/dl 9.4 ± 0. 
Results
Study population
Of 300 patients examined by OGTT, 230 (76.7%) were NGT, 44 (14.7%) had impaired glucose tolerance (IGT) and 26 (8.6%) had newly diagnosed type-2 diabetes. A 1-h post-load plasma glucose cut-off of 155 mg/dL during the OGTT was used to stratify NGT subjects into two groups: 156 with 1-h post-load plasma glucose <155 mg/dL (NGT < 155) and 74 with 1-h post-load plasma glucose > 155 mg/dL (NGT ≥ 155). In Table 1 demographic, clinical, and biochemical characteristics of the study groups are reported. There were no significant differences among the groups in gender distribution, age, SBP, DBP, total cholesterol and triglyceride, serum calcium and phosphorus. On the contrary, from the NGT < 155 to the diabetic patients, there was a significant increase in waist circumference, BMI, hs-CRP, creatinine, and a decrease in HDL cholesterol and e-GFR. Obviously, with the worsening of glucose tolerance, there was a progressive increase of fasting, 1-h and 2-h post-load glucose, as well as fasting and 1-h and 2-h insulin values, accounting for the reduction of the Matsuda index/ISI.
Moreover, from the NGT < 155 to the diabetic patients there was a progressive decrease of 25(OH)D and an increase of parathyroid hormone levels. Of interest, NGT ≥ 155 subjects had significantly reduced insulin sensitivity and 25(OH)D levels, and an increase of hs-CRP values when compared with NGT < 155; in addition, they had a metabolic and inflammatory profiles similar to IGT and diabetic individuals.
In whole population, 104 (34.7%) patients had a deficient vitamin D status, 104 patients (34.7%) had an insufficient vitamin D status and 92 patients (30.6%) had a normal vitamin D status.
Subjects with vitamin D sufficiency significantly decreased from NGT < 155 subjects to diabetic patients (P < 0.0001), while the prevalence of vitamin D deficiency increased from the NGT < 155 to the diabetic patients (P < 0.0001), reaching a 69.2% in the last (Figure 1 ).
Correlational analysis
In Table 2 the results of linear correlation analysis, performed to test the correlation between 1-h post-load glucose and different covariates, are reported. In the whole study population, 1-h post-load glucose was inversely correlated with 25(OH)D, Matsuda index, e-GFR and HDL-cholesterol, and it was directly correlated with hs-CRP, BMI and age.
In NGT < 155 subjects, 1-h post-load glucose was directly related with age, and inversely with 25(OH)D, Matsuda index and e-GFR.
The same analysis was performed in NGT ≥ 155 subjects showing that 1-h post-load glucose was inversely correlated with 25(OH)D, Matsuda index and e-GFR, while was linearly correlated with age and hs-CRP.
Similarly, in IGT patients 1-h post-load glucose was inversely correlated with 25(OH)D and e-GFR and it was linearly correlated with BMI, moreover it showed a weak correlation with age.
Finally, diabetic patients showed an inverse correlation between 1-h post-load glucose and 25(OH)D and e-GFR; while it was directly correlated with hs-CRP.
Thus, variables reaching statistical significance and gender, as a dichotomous value, were inserted in a stepwise multivariate linear regression model to determine the independent predictors of 1-h post-load glucose variation (Table 3 ). In the whole study population, 25(OH)D was the major predictor of 1-h post-load glucose, explaining 19.2% of its variation. Other independent predictors were the Matsuda index, hs-CRP and e-GFR explaining 12.2%, 6.7% and 1.7% of its variation, respectively.
In NGT < 155 subjects, the covariates retained in the final model were 25(OH)D, the Matsuda index and age which explained 12%, 18% and 4% of the 1-h post-load plasma glucose variation, respectively. The final model accounted for 34% of its variation.
In NGT ≥ 155 and IGT patients, 25(OH)D was the strongest predictor of 1-h post-load glucose, justifying for 28.1% and 27% of its variation in the respective models. 
Discussion
The main novelty obtained in this study is that, in a large population of newly diagnosed hypertensive patients, with different glucose tolerance status, there is an inverse and strong relationship between 25(OH)D levels and 1-h post-load glucose in normo-glycemic subjects. In fact, regarding to post-load plasma glucose, NGT ≥ 155 subjects showed reduced 25(OH)D levels compared to NGT < 155 and similar to those of IGT group. Of interest, this result persists after adjustment for all significant covariates, able to interfere with glycemic metabolism. To our knowledge, this is the first study demonstrating this association that has a clinical importance because NGT subjects are considered at low cardiovascular risk. On the contrary, we have recently demonstrated that NGT with 1-h post-load glucose ≥155 have a worse metabolic and cardiovascular profile, showing a multiple subclinical organ damage [20] [21] [22] [23] [24] . Thus, our data consent to reconsider the concept that NGT subjects are a homogeneous group with a low cardiovascular and metabolic risk profile.
Present results may be explained by the pathophysiological mechanisms related to pleiotropic action of vitamin D. In particular, vitamin D may affect both directly, via activation of vitamin D receptors, and indirectly, via regulation of calcium availability, glucose and insulin homeostasis by modulating β-cell function and immune response, and improving peripheral insulin sensitivity [1, 2, 15] . In keeping with this, there are experimental data demonstrating that hypovitaminosis D causes impairment in insulin receptor expression and insulin secretion in animal models and humans [15, 16] , while treatment with vitamin D improves β-cell function and Table 2 Correlation analysis between 1-h post load plasma glucose and different covariates in whole study population and in the four groups of different glucose tolerance status All NGT < 155 NGT ≥ 155 IGT DM (n = 300) (n = 156) (n = 74) (n = 44) (n = 26) r P r P R P r P r P ISI = insulin sensitivity index; hs-CRP = high sensitivity C reactive protein; e-GFR = estimated glomerular filtration rate; BMI = body mass index; SBP = systolic blood pressure; DBP = diastolic blood pressure. 
hs-CRP = high sensitivity C reactive protein; ISI = insulin sensitivity index; e-GFR = estimated glomerular filtration rate; BMI = body mass index.
glucose tolerance [31, 32] . In addition to these actions on glucose metabolism, low levels of vitamin D are associated to the apperance and progression of pro-inflammatory status that, in turn, induces a worsening of glucose tolerance status until the clinical onset of diabetes [33, 34] . According with this, NGT ≥155 subjects, both in basal condition and after 1-hour during OGTT, are more insulin-resistant and have higher levels of hs-CRP than NGT < 155. On the basis of these evidences, present data contribute to extend previous knowledge about the association between hypovitaminosis D and cardiovascular events [3] [4] [5] [6] . Additional mechanism involved in this association is the regulatory effect of vitamin D on the reninangiotensin system activity. In fact, there are previously published human and animal studies demonstrating that low plasma vitamin D levels result in up-regulation of the renin-angiotensin system [16, 35] that interferes with insulin signaling in different tissues [36] [37] [38] . Even if data from several studies have demonstrated that circulating levels of vitamin D are involved in the pathogenesis of type-2 diabetes in humans [7] [8] [9] [10] [11] [12] [13] [14] [15] , it is probable that other associated functional modifications or clinical conditions contribute to its biological effects. So as observed in our study, vitamin D deficiency is also associated with elevated PTH levels that reproduce a secondary hyperparathyroidism that may contribute, through the reduction of insulin sensitivity and by promoting cardiac and vascular remodeling, to the development of glucose intolerance and cardiovascular complications [39] . Of interest, present data were obtained in subjects with normal renal function. In addition, reduced levels of vitamin D may be operating in diabetes-related obesity; in fact, hypovitaminosis D of obese subjects is due, not only to less exposure to sunlight for the reduction of physical activity, but also because vitamin D is trapped in adipose tissue and it is no longer bioavailable [40, 41] . It follows that the biological action of vitamin D is multifactorial and complex, especially as regards to the glucose metabolism. In keeping with this, recently some study have been published with the aim to evaluate the effects of vitamin D supplementation on glucose metabolism and insulin resistance in different setting of patients [42] [43] [44] [45] [46] . However, despite the significant increase of vitamin D levels, the absence of consistent results may be explained with the short duration of treatment.
Another important finding emerged from this study is that the number of subjects with sufficient vitamin D levels is low and significantly decreases with the worsening of tolerance status, while the condition of vitamin D deficiency significantly increases. This is a surprise not easily explained, since all our patients live in a sunny area of South Italy and spend many hours outdoors, maybe the season period of study may affect the levels. On the other hand, average levels of vitamin D detected in our subjects are similar to the national average; probably, it is necessary to accurately investigate the causes of this phenomenon.
Conclusions
Present study might suggest new pathogenetic mechanisms involved in glucose metabolism in particular on post-load glucose, and might contribute to early stratify the cardiovascular and metabolic risk profile at least in hypertensive patients. In particular, our data demonstrate, for the first time, that vitamin D levels are significantly associated with post-load glucose in hypertensive normo-glycemic subjects. Thus, according to previous published evidences, it can be hypothesized that vitamin D deficiency should not be considered only as a feature of osteo-mineral disorders, but also a risk factor for metabolic and cardiovascular diseases. However, if vitamin D supplementation may have a beneficial role on insulin-resistance and glucose homeostasis is currently controversial as shown by a recent meta-analysis of randomized controlled trials, that reported no significant improvement of fasting glucose, glycated haemoglobin or insulin resistance in patients treated with 25(OH)D compared with placebo [47] . Thus, it should be necessary to perform a larger randomized prospective study to clarify this point.
Limitations of the study
This study has several limitations. At first, this is a crosssectional study, thus cause-effect relationships cannot be established; moreover the study was conducted in a specific cohort of untreated hypertensive patients, which may be not representative of general population. Finally, the study doesn't take into account some covariates influencing 25(OH)D levels, so as physical activity and social class.
